Abstract: Single cell sorting based either on fluorescence or on mechanical properties has been exploited in the last years in microfluidic devices. Hydrodynamic focusing allows increasing the efficiency of theses devices by improving the matching between the region of optical analysis and that of cell flow. Here we present a very simple solution fabricated by femtosecond laser micromachining that exploits flow laminarity in microfluidic channels to easily lift the sample flowing position to the channel portion illuminated by the optical waveguides used for single cell trapping and analysis.
Introduction
The analysis of heterogeneity in cell populations demonstrated to be of utmost importance in the last few years both in biology and medicine. Advances in single-cell sequencing helped improving the detection and analysis of infectious disease outbreaks, antibiotic drug-resistant strains and microbial diversities [1] [2] [3] . Single-cell analysis reported important results also in cancer research either in tissue sequencing or in single cell phenotyping, e.g. by mechanical analysis [4, 5] . Many different techniques have been proposed to assess cellular mechanical properties [6] ; among these, the methods based on microfluidics usually allows for high throughput, as recently demonstrated in the real-time deformability cytometer [7] . However if cells need to be sorted and recollected for further analysis different devices should be used [8, 9] . The microfluidic *Corresponding Author: Francesca Bragheri: Istituto di Fotonica e Nanotecnologie (IFN)-CNR, Piazza Leonardo da Vinci 32, 20133 Milano, Italy, E-mail: francesca.bragheri@ifn.cnr.it Roberto Osellame: Istituto di Fotonica e Nanotecnologie (IFN)-CNR, Piazza Leonardo da Vinci 32, 20133 Milano, Italy, E-mail: roberto.osellame@polimi.it optical stretcher allows measuring single-cell deformability and sorting in a dual-beam laser trap, without affecting cells' viability [10] . It has been evidenced that some problems may arise in the measurement throughput since cells in suspension tend to deposit on the bottom of the channel during the measurement and only the cells flowing at the trap height can be eventually stretched. In the absence of a focusing technique, flowing cells will slowly deposit in the microchannel, leading to the necessity of having the optical trap close to the bottom of the channel [11, 12] . Anyway this position increases the probability for cells to attach to the channel floor, thus leading to the need either of high flow rates or high laser power to lift the cell and bring it back to the trap height. Moreover if the trap is close to the bottom the trapping beams might be deflected by the corner of the microchannel. A solution can be found by exploiting hydrodynamic focusing [13] [14] [15] [16] , which can be obtianed by exploiting two additional sheath flows, or more for 3D focusing, that confine the central flow in a tight area. In order to be successful, this method requires complex fabrication technologies, an appropriate design of the different channels/inputs of the chip and also a very precise control of the flow speed in multiple channels. It is therefore evident that the focusing efficiency with the hydrodynamic focusing technique strongly depends on the flow speeds, and problems may arise if the flow is stopped or greatly reduced for cell analysis [17] , as is the case in optical stretching measurements. Acoustophoretic prefocusing has been recently proposed to move the position of flowing cells in a microfluidic channel and easily focus them at any flow-rate [18] [19] [20] . Despite efficient, this method require the use of additional instrumentation to drive the piezoceramic and needs sufficiently long microchannel to lift the sample towards the center of the microchannel. Here we propose a simple method to lift the cells during their flow in the channel by exploiting a single auxiliary sheat flow that is inserted in the central channel from the bottom. Because of laminarity in micronsized channels, this allows easily changing the height at which cells flow in the microchannel. This geometry can be easily obtained by femtosecond laser micromachining; thanks to its intrinsic 3D nature. This technique has been succesfully used to fabricate integrated optofluidic devices for cell manipulation and analysis and is here exploited to demonstrate a simple module that can be used to move the flowing position of cells.
Material and Methods

Chip design and fabrication
A schematic design of the microfluidic chip is shown in Figure 1a . The design is based on an X-shaped channel, similarly to what already presented in [9, 21] : two input channels merge in a central section, where optical investigation and sorting can be performed, which then separates into two output channels for sample collection and waste. Here we rotated the two input channels by 90°, so as to exploit the bottom channel as a buffer to lift the upper stream containing the sample. At low flow-rate the cells tends to flow in the lower part of the stream, hence by exploiting laminarity in the microfluidic channel we can control the cell flowing position so as to match the height at which the optical waveguides for cell illumination and analysis are positioned. The optofluidic chip has been fabricated by femtosecond laser micromachining followed by chemical etching, a simple fabrication technique ideally suited for the fabrication of 3D geometries in fused silica glass substrates [22, 23] . The technique consists in a two-steps process; first the glass substrate is irradiated with a focused femtosecond laser beam, then the substrate is immersed in a acqueous solution of hydrofluoric acid that preferentially etches the irradiated zones, thus leading to the microchannel formation. The irradiation step is performed using a commercial femtosecond laser source (femtoREGEN, HighQLaser), with an emission wavelength of 1040 nm and 1 MHz repetition rate, whose second harmonic is focused in the substrate through a 50×, 0.5 NA microscope objective. The sample is mounted on a translation stage FIBERglide 3D from Areotech and it is translated with respect to the laser beam to obtain the 3D irradiation pattern that will define both the microchannel shape and the optical waveguides. As already described in [9] the microchannels have been written parallely to the writing beam direction, to obtain low channel roughness and to optimize the image quality. The details of the fabrication process are described in the following. The laser power and scanning velocity have been varied along the substrate depth to overcome the effects of spherical aberrations: the irradiation has been performed with an energy of 400 nJ and a translation speed of 0.07 mm/s for the bottom Y-branch, 300 nJ and 0.1 mm/s for the central square channel, 300 nJ and 0.2 mm/s for the top Y-branch. To produce the central square channel we irradiated overlapped at different depths (the square dimension was 60 µm and the separation in depth was 2 µm over a total length of 300 µm). Vertical lines have been also irradiated inside the squares to facilitate glass removal by the acid. The Y-shaped branches are obtained by irradiating 10 lines in order to obtain, after etching, channels with the same dimension as the central one. Access holes for the tubing connection are realized by irradiating 4 coaxial circular helixes at each termination of the Y-branches. Optical waveguides for trapping and analysis have been fabricated in the same irradiation step by using pulses of 180 nJ energy and a scan speed of 0.1 mm/s. After irradiation, the glass substrate is immersed in a 20% HF solution at 35°C for 1.5 hours. End faces are finally polished to allow fiber pigtailing to the optical waveguides. The irradiation pattern and the device during the etching process are respectivley shown in Figure 1b and c.
Device characterization
The optical waveguides have been characterized with a fiber-coupled semiconductor laser at 980 nm (S26, JDS Uniphase), since 1 µm is the wavelength typically used to trap and stretch cells. Single mode waveguides at 980 nm, with a mode diameter of 8 µm and measured propagation losses of about 2 dB/cm have been obtained. Hydrodynamic lift was demonstrated first by checking flow laminarity by inserting a red food dye in the buffer channel, then by using melamine beads of 6 µm diameter (Sigma Aldrich) suspended in distilled water to verify the variation of the microparticles flowing position. The use of different colors for the two inlets enabled us to visualize flow height variations by imaging the microchannel from the side with a microscope objective (20×, 0.45 NA) coupled to a CCD camera (EO-0813C, Edmund Optics). Pressure driven pumps (Fluigent, MFCS Flex) were used to inject and control the sample and the sheath flow in the device.
Results and Discussion
Hydrodynamic control of the sample flowing height can be implemented by simply exploiting two flows that merges in a common channel by coming from two different depths, as schematically shown in the rendering of the implemented layout in Figure 1a .
This simple configuration can be obtained thanks to the 3D capability of the exploited fabrication technique, which also allows for high precision in the alignement of optical and microfluidic components and high control of the microchannel dimensions. Hydrodynamic control of the filling ratio of the central channel by the sample and buffer flows can be easily monitored by exploiting liquids with different colors (pure distilled water for the sample and red for the buffer). The level of the buffer layer can be raised or lowered by varying the pressure ratio between the sample and the buffer flows as visible in Figure 2 . As an example for a ratio Ps /P b =1.85 the channel is almost completely filled by the sample flows (Figure 2a) , while for a pressure ratio of 1 ( Figure 2d ) the channel is equally filled by the two streams. Both the sample and the buffer streams covers the full channel size in the horizontal direction, similarly to what happens in a vertical hydrodynamic focusing device. As already mentioned, beads or cells tend to flow in the bottom part of a microfluidic channel [11] , in particular when low flow-rates are used. Femtosecond laser fabri- cated microfluidic channels tipically shows smoothened corners, unless special irradiation pattern are exploited; therefore to find the correct height at which optical waveguides should be positioned in order to illuminate the flowing cells without any distortion of the beam could be quite critical. To solve this problem optical waveguides can be fabricated at half height of the channel and beads can be lifted so as to flow in the portion of the channel orthogonally intercepted by the waveguides. The validation has been performed by monitoring the flowing height of beads suspended in the sample stream. Also in this case different liquid colors have been exploited to facilitate the side-imaging as for the fluid dynamic control characterization. In Figure 3 two frames extrated from a movie are reported. For a sample/buffer pressure ratio equal to 1 the channel is symmetrically filled by the sample and the buffer streams and the beads flow approximately in the middle of the channel; when the ratio is increased the sample flows tends to push the buffer flow and for a value of Ps /P b =1.7 the beads are flowing on the bottom wall of the microchannel.
Conclusion
We demonstrated a very simple method to optimize the performances of optofluidic devices for single cell manipulation that can be operated at any flow rate. The device is fabricated by femtosecond laser micromachining, a rapid prototyping technique that permits to realize 3D geometries in glass substrates. Thanks to this capability two input channels that starts at different heights and merge in a central one are fabricated. The top one is used to input the cells in the device and the bottom to control their height of flow; indeed because of the laminarity of flows, the filling of the central channel changes by simply varying the pressure ratio between the two inputs. The device is easy to operate, since only two input pressure have to be controlled and allows easily changing the height at which particle flows, so as to match the height at which optical waveguides to analyze the sample are fabricated.
